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Abstract. This paper aims at testing the use of mixtures constituted by natural zeolitized products 
and SiC-bearing industrial wastes (sludge deriving from polishing of porcelain stoneware tiles, 
hereafter DPM) for the production of lightweight expanded aggregates as constituents of structural 
and/or thermo-insulating lightweight concretes. Two commercial products have been used as 
zeolite natural source: Cab70 (Yellow facies of Campanian Ignimbrite) and IZclino (Turkish 
clinoptilolite-rich epiclastite). Different amounts of a calcareous material (Pozzano limestones – 
hereafter CP) from the Sorrento peninsula (Naples – Italy) were also added to a Cab70 – DPM 
mixture. All raw materials were characterized by means of mineralogical (XRPD) and chemical 
(XRF) analyses. All the products and mixtures were tested from a technological point of view by 
means of fusibility and firing tests in order to evaluate the expanding properties. It was evidenced 
that the expansion of the mixture was deeply depending on the occurrence of SiC in the industrial 
waste. The addition of CP (10 wt.%) to the mixtures accounts for an even increased expansion, 
though this is accompanied by a worsening of the mechanical features of the material. 
These results along with literature data allowed to select 3 mixtures (70% Cab70-30% DPM, 70% 
IZclino-30% DPM, 60% Cab70-30% DPM-10% CP) and each of them was used for the preparation 
of 5 l of lightweight aggregates afterward employed for the manufacture of lightweight concretes. It 
was remarked that natural zeolitized materials mixed with DPM (30 wt. %) can provide lightweight 
aggregates with densities ranging between 0.8 and 1.0 g/cm3 suitable for the preparation of 
structural lightweight concretes. The addition to the mixture of CP (10 wt.%) produces less dense 
aggregates (0.6-0.7 g/cm3) potentially useful for the manufacture of thermo insulating lightweight 
concretes. 
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Introduction 
Transformation activities of ornamental stones and post-firing treatments of ceramic tiles 
generate vast amounts of residues, mostly sludges from cutting, grinding and polishing. 
According to Italian normative (1) those from the ornamental stone industry are divided 
into calcareous (from limestone, marble and slate) and silicate sludges (from granite, 
gneiss, sandstone) and classified as non-dangerous special wastes (2). Sludges from 
polishing of porcelain stoneware tiles, mainly constituted by powdered ceramic body, are 
classified as non-dangerous special wastes, CER code 101299 (2). These sludges are the 
result of the abrasive actions exerted by cutting or grinding tools (steel or SiC) which 
remove 20-25 wt.% of raw stone blocks or 5-15 wt.% of ceramic tiles.  
The yearly output of such wastes in Brazil and Italy, which are among the world largest 
producers and transformers of ornamental stones and ceramic tiles, amounts to 
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approximately 4.2 and 0.4 million tons, respectively, of granite sludges (3, 4), along with 
about 50,000 tons of ceramic sludges (5, 6). These residues are currently disposed in 
landfills, with increasing cost and environmental impact affecting the economic and 
environmental sustainability of such industrial productions. An alternative technological 
use has been proposed for these waste materials, for instance recycling in clay bricks (7,8) 
or lightweight aggregates (9), but no actual industrial applications are known so far. 
Aggregates are defined as natural or artificial incoherent materials constituted by different 
grain size elements. According to the EN 13055-1 standard (10), lightweight aggregates 
must have a weight/volume of particle below 2 Mg/m3 and a loose bulk density below 1.2 
Mg/m3. The lightweight aggregates are used as loose material — e.g. in back wall fillers 
and agronomic applications — or, with a binder, in the manufacture of plaster-, asphalt- 
and lightweight concrete-based thermo-acoustic insulators, as well as in lightweight 
structural concrete production (11). Lightweight expanded aggregates (hererafter LWA) 
are obtained by firing at high temperatures (up to 1300 °C) natural or artificial raw 
materials in rotative kilns (12). In order to achieve the expansion, raw materials (generally 
clay or slate) must contain substances which are able to release gas during heating and 
particularly close to the softening temperature of the batch. In these conditions, the gases 
evolved from raw materials can be entrapped by the viscous liquid phase, thus allowing 
the aggregate expansion (9, 13). Their cellular microstructure and glassy surface provide 
aggregates with desired technical requirements, i.e. high mechanical strength and low 
water absorption. It was already observed that the occurrence of SiC, which dissociates 
producing gas at the softening temperature of aggregates, allows the production of LWA 
starting from porcelain stoneware sludge, either used as it is or admixed with less 
expanding materials, such as tuffs and zeolitized epiclastites (9, 14). On the other hand, 
several researches put in evidence the feasibility of producing lightweight aggregates 
starting from industrial waste materials, such as fly ash (15, 16, 17), glass (18) and 
sewage sludge ash (19). 
The present study is aimed at exploiting the peculiar features of granite and ceramic tile 
sludges in order to produce lightweight expanded aggregates with technological properties 
suitable to get lightweight structural concretes with improved thermal performances, 
matching the ever stricter new requirements in the building and construction field. 
 
Materials and methods 
Different sludges from transformation of ornamental stones and ceramic tiles are 
concerned. Cutting and sawing sludges come from the Verbania-Cusio-Ossola district, Italy 
(SER: Serizzo, a granitoid orthogneiss) and Espíritu Santo, Brazil, consisting of mixed 
granites (BRZ1) or two granites from Amazônas: São Francisco Green, a monzogranitic 
gneiss, and Purangau, a green siltitic quartzite (BRZ2) (20-21). Polishing sludges come 
from Cosenza, Italy (SIL: Silano granite admixed with some marble residues) (22) and 
Sassuolo, Italy (FLG: porcelain stoneware tiles). 
The mineralogical characterization was carried out on powdered samples of the raw 
materials and of fired products by X-ray powder diffraction, XRPD, using a PANalytical 
X'Pert Pro diffractometer  with a RTMS detector (X’Celerator) (CuKα radiation, 2θ 
range=3-80°, step size 0.0167 2θ, time per step 10 s equivalent). Quantitative 
mineralogical analysis was carried out using the "Reference Intensity Ratio" (RIR) 
technique (23). Chemical analyses were performed by X-ray fluorescence spectrometry 
(Axios, PANalytical) correcting data for drifting and background effects (24). Loss on 
ignition was measured after sample calcination for two hours at 1200 °C. Microstructural 
observations were carried out under scanning electron microscopy (JEOL JSM5310). 
Fusibility was tested under hot-stage microscopy (Expert System Solutions, Misura 2) at 
constant heating rate (10 °C/min) and isothermal conditions (temperature of maximum 
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expansion) on cylindrical specimens (3 mm height, 1 mm diameter) determining 
characteristic temperatures and volume expansion (25). 
On the basis of the bloating attitude of wastes, 8 mixes were designed and a laboratory 
simulation of the LWA manufacturing cycle was carried out by preparing 3-15 mm pellets 
(pressing at 30-40 MPa). Pellets were fired at 1300 °C in a rotating kiln (Nannetti, TO-
R150-15) setting its slope and rotating speed to get a cycle of about 40 min cold-to-cold (5 
min soaking), following the procedure described by de’ Gennaro et al. (9). LWA were 
characterized by measuring (26) particle density (Archimedes’ principle) and load 
resistance of single grain (Controls apparatus, loading rate 1 MPa·s-1, 20 specimens of 
about 15 mm in diameter). LWA batches giving the best results were produced on a larger 
scale (5 litres) in order to test water absorption (27) and grain size distribution, strength of 
particles (10), and loose bulk density (28). 
The best mixture (50 wt.% SER + 50 wt.% FLG) was finally selected to produce 24 l of 
LWA characterized by 0.8-0.9 Mg/m3 particle density to be used for the production of 
concrete samples. In particular, two concrete slurries were prepared following a standard 
procedure (29), using LWA, ordinary sand, Portland cement, and a superfluidificant as 
additive (Table 1). The consistency of the fresh slurries was evaluated by means of the 
slump test (30-31) which measures the spreading of material falling by the Abrams’ cone. 
Concrete maturation was conducted in controlled temperature chamber (20 °C, for 3 days) 
then final maturation up to 7 and 28 days was carried out in suitable water-filled tanks at 
20 °C (32). Bulk density and compressive strength (33) after 7 and 28 days were 
performed on cubic concrete specimens (15 cm). Alkali-aggregates reaction was tested 
according to (34). 
 
Results and discussion 
Bloating attitude of waste materials 
Chemical and mineralogical compositions of sludges are reported in Table 2. BRZ1, BRZ2 
and FLG show high silica and low fluxing content (i.e. the sum 
Fe2O3+MgO+CaO+Na2O+K2O); FLG has also the highest alumina content. The sludge SIL 
contains a high amount of CaO, related to the occurrence of calcite, as it is a mixed 
granite+marble residue. The sludge SER presents a high Fe2O3 content, due to fragments 
of abrasive media and cutting tools. The representative points of sludges are plotted in the 
Riley diagram, which is conventionally used to predict the bloating attitude (Fig. 1). All 
samples fall within the field of expanding materials; the high amounts of CaO and Fe2O3 of 
SIL and SER sludges turn out in much higher fluxing values. 
The thermal behaviour of sludges is characterized by sintering temperatures in the 1170-
1205 °C range and softening beginning between 1190 and 1245 °C, immediately followed 
by a volume expansion peaking 20-40 °C above the softening temperature; melting occurs 
at temperatures over 1300 °C, but for SIL, which high CaCO3 content, induced an early 
fusion (Table 2). Isothermal expansion data confirm the numbers so far described since all 
the materials, except for sample BRZ2, show values higher than 1, with maximum peaks of 
3.06 and 3.64 for FLG and SIL. The same samples, however, show the lowest fluxing 
values. This behaviour is likely due to the high SiC content in the former and CaCO3 plus 
SiC in the latter. As evidenced in Table 3, the sludges exhibit a different expansion at high 
temperature, mostly fostered by the occurrence of bloating promoters as SiC in FLG, SIL 
and BRZ1 (Table 2). Although being a very stable phase SiC undergoes a partial 
decomposition in SiO2 and CO2 on heating (6). Tests carried out on a powdered sample of 
moissanite-6H evidenced that an increasing temperature (from 1100°C up to 1400°C) 
defines a progressive dissociation of SiC with crystallization of cristobalite. 
The most expanding sludge is FLG, which gives rise to aggregates with the lowest particle 
density (0.65 Mg/m3). The little amount of SiC in the sludge SIL, together with its high 
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amount of calcite, produced a quite good expansion (0.88 Mg/m3). However, it should be 
stated that this sample gave some problems during the firing operations (melting or 
breakage of pellets, brittle aggregates) likely to be originated by its high calcite content. 
The other sludges (BRZ2 and SER) did not achieve any expansion, notwithstanding the 
occurrence of fluxing elements, which would make them potentially expandable. In fact, 
sludges from sawing, grinding and polishing operations of silicate-bearing rocks produce 
lightweight aggregates only if they contain also bloating agents developing gases at a 
temperature close to their melting. Thus, only sludges deriving from polishing operations, 
where SiC is used as abrasive agent, can be used without any further addition. 
Preparation of LWA 
Since the use of pure SiC is not economically viable in LWA production industrial SiC-
bearing wastes (such as FLG and SIL) were used as expanding agents in mixture with 
other sludges, according to the proportions reported in Table 3. 
Mix1 and Mix2 gave LWAs with particle density lower than 1 Mg/m3 and expansions 
proportional to the FLG amount added to the mixture. The decrease of particle density 
(from 0.87 to 0.74 Mg/m3) is associated to a remarkable improvement of load resistance of 
single grain (from 0.55 kN in Mix1 to 0.97 kN in Mix2). This trend is confirmed by the tests 
carried out on aggregates obtained with Mix3, Mix4, Mix5, and Mix6 (Table 3). It should be 
remarked the brittleness of the aggregates obtained with SIL-bearing mixtures, which is 
thought to be a consequence of the CaCO3 occurrence, thus supporting the results of 
previous researches (14). 
The results achieved with the use of SIL sludge as the only expanding agent (Mix7 and 
Mix8) are definitely negative. The aggregates obtained present a particle density always 
higher than 1 Mg/m3 along with low load resistance values. 
Inner structures of the aggregates were investigated under SEM (Fig. 2). All the samples 
evidence two dimensional classes of bubbles formed by bloating, one with a mean size of 
500-1000 μm and the other ranging between 10 and 50 μm. Aggregates obtained with 
sample BRZ1 (Fig. 2A) show a prevailing occurrence of larger bubbles which determines 
much thicker walls. These features explain the higher particle density and load resistance 
values. 
Mix2 aggregates (Fig. 2B) are characterized by even smaller micropores (1-20 μm) within 
the walls, implying a lower particle density (<1 Mg/m3) but a load resistance still close to 1 
kN. These features can be achieved also in the aggregates produced with Mix3 (Fig. 2C) 
which display pores somehow interconnected and with irregular shapes; this fact does not 
affect particle density (0.81 Mg/m3), but heavily influences load resistance, which 
dramatically decreased (0.23 kN). Aggregates obtained with Mix7 (Fig. 2D) can be further 
distinguished by the occurrence of coarse and less regular bubbles, inhomogeneously 
distributed, and thin walls which provide a low load resistance (0.12 kN) presumably due to 
the presence of CaCO3 in the mixture, which likely affects both the pore size distribution 
and composition of the vitreous phase. The microstructures of BRZ1 and Mix7 are similar, 
thus their load resistance may be mainly affected by compositional differences. In contrast, 
microstructural features of Mix2 are different from Mix3, so playing a major role on 
mechanical strength. 
 
LWA for structural concrete 
To verify the possibile use of muds deriving from sewing operations in the production of 
structural lightweight concretes, two batches prepared with Italian and Brazilian materials 
mixed with FLG (50%-50%) have been selected (Mix2, Mix4). Crystalline constituents of 
LWA produced from Mix2 and Mix4 are quartz and mullite, associated with SiC in Mix2 and 
Ca-plagioclase and Fe-oxide in Mix4. In both aggregates an abundant amorphous matrix 
also occurs. 
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These mixtures gave aggregates with similar low particle density values along with quite 
good load resistance (ceteris paribus). Table 4 reports data concerning the physico-
mechanical characterization of these aggregates compared to those typical of commercial 
expanded clays (35-36). Aggregates prepared with Mix2 show the highest strength of 
particle (1.8 MPa) and values of loose weight close to 0.40 Mg/m3. Mix4 gave the lightest 
aggregates (loose weight = 0.39 Mg/m3) and strength of particle of 1.2 MPa. 
The most remarkable difference between these aggregates and commercial expanded 
clays (Tab. 4) stands in the very low values of water absorption (1.2-2.4% vs 6-7%) due to 
the outer compact and homogeneous vitreous surface of the aggregates. Such features 
make these aggregates suitable for the manufacture of structural lightweight concretes. 
This is also demonstrated by the compressive strength (>20 MPa) and bulk density (1.4-1.2 
Mg/m3) values after 28 days (Tab. 5), within the limits indicated in the EN 196-1 standard 
(33). 
 
Development of lightweight structural concrete 
Since structural lightweight concretes require the use of aggregates with particle density 
slightly below 1 Mg/m3 and grain size distribution in the 1–20 mm range (14), appropriate 
corrections to firing conditions were applied, such as a temperature decrease to 1280 °C 
and an increase of rotating speed and slope of the kiln. These firing conditions allowed to 
get a particle density close to 1 Mg/m3, being Mix2A slightly denser than Mix4A (Tab. 4). 
Therefore, the aggregate chosen for further investigations was the one prepared with Mix4, 
hereafter labelled as Mix4A, whose grain size distribution meets the required specifications 
above mentioned. 
Table 5 reports the technical features of two concretes manufactured with LWAs obtained 
with Mix4A. The C1 slurry has a water/cement ratio (Tab. 1) calculated with the addition of 
a superfluidificant according to (32). In this case, the additive allowed to decrease the 
water/cement ratio down to 0.49; as a consequence, the water turned to be below the 
standard requirement. In contrast, the superfluidificant-free in C2 slurry required the entire 
amount of water prescribed in the standard procedure, so that the water/cement ratio is 
0.53. 
The slump test reveals that C1 has a S5 consistency, defined as “superfluid”, whereas C2 
has a S4 consistency, defined as “fluid”. The immediate consequence of this consistency 
decrease is a segregation of the aggregates (Fig. 3, sample C1). The bulk density of the 
fresh slurry is slightly higher in C1; the same parameter after 28 days of seasoning is the 
same for both mixtures (1.60 Mg/m3). The compressive strength after 7 days is significantly 
higher for C1 (27.5 ±0.1 MPa vs. 22.9 ±0.1 MPa), due to use of superfluidificant; however, 
after complete seasoning, it turned to be substantially the same (30.2 ±0.1 MPa vs. 29.7 
±0.1 MPa).  
SEM observations demonstrated a good cohesion between the aggregates and the matrix 
for both concretes (Fig. 4). Local and small disaggregation phenomena were only recorded 
in C1 (Fig. 4C). The alkali-aggregates reaction provides an important parameter defining 
the attitude of an aggregate to be used in the production of lightweight structural concrete. 
The aggregates C1 and C2 are “non reactive materials”, since the concrete expansion 
after 14 days is lower than the tolerance limit (0.1%). 
Performances obtained with the aggregates manufactured for the present research fall 
well within the characteristic field (Fig. 5) of structural lightweight aggregates (37). 
The proposal of reusing wastes to get LWA suitable for structural lightweight concrete 
offers a new vision from landfill to engineered materials with clear advantages for the 
environment. In fact, transformation activities of ornamental stones and porcelain tiles 
produce a vast amount of wastes. Although official data concerning the production of these 
wastes are often incomplete and difficult to find, a reasonable estimation can be advanced 
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on the basis of the global granite quarry production of about 35 million tons per year (4). 
Since industrial transformation activities imply the production of approximately 30% of 
residues, the world output of granite wastes may be estimated to be around 11 million tons 
per year. The highest concentrations are obviously located in China, India, Brazil and the 
European Union, which are the main producers of ornamental stones. The landfill disposal 
cost varies from country to country, but as far as the EU is concerned, it is estimated to be 
approximately about 150 €/ton. Italy, Brazil and China are also the main producers of 
porcelain stoneware tiles, whose sawing and polishing operations provide SiC-bearing 
mud wastes, for which the only available information on yearly output is around 50,000 
tons in Italy.  
At a laboratory scale an accurate production cost evaluation of these aggregates is quite 
hard to achieve. A following stage of the research will consider the development of a pilot 
plant. It should be remarked however, that the cost of these raw materials is definitely low 
as they represent wastes deriving from other industrial products and could replace clays 
for good quality structural lightweight concretes, with a consistent decrease of 
manufacturing cost and reduced environmental impact from clay exploitation, being the 
estimated LWA production around 5 million cubic metres every year just in the EU (12). 
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Table 1: Slurry recipes for lightweight structural concretes according to (29) 
Component EN 11013 Slurry (20l mixture) C1 C2 
LWA, (kg/m3) 500 Mix4A 9 9 
Sand, (kg/m3) 500 EN 11013 10 10 
Cement, (kg/m3) 350 CEMENTIR CEM II/A-LL
42,5R 
7 7 
Water, (kg/m3) 175  3.50* 3.71** 
Additive 1% of 
cement 
Acrilico Addiment 39/T40 0.07 - 
(water+additive)/cement 
ratio 
  0.49 0.53 
*=including water absorbed by aggregates 
**=including water absorbed by aggregates and 0.21 (max water addition allowed) 
 
 
Table 2: Chemical and mineralogical composition and firing behaviour of sludges 
  BRZ1 BRZ2 SER SIL FLG 
SiO2 wt.% 70.6 72.5 63.0 58.1 67.3 
TiO2  0.2 0.3 0.6 0.2 0.5 
Al2O3  12.1 12.6 14.2 10.5 16.1 
Fe2O3  2.3 2.3 8.1 1.9 0.5 
MgO  3.6 1.9 3.7 1.3 5.5 
CaO  1.5 2.3 4.3 10.7 1.0 
Na2O  3.0 3.6 3.1 2.3 1.8 
K2O  4.8 3.6 2.8 3.8 2.2 
Loss on Ignition  2.1 0.9 0.2 11.0 4.9 
Quartz wt.% 32 33 34 27 24 
Feldspars  65 63 56 47 - 
Biotite  2 2 5 4 - 
Calcite  - - - 19 1 
Others1  Ch, SiC Ch, Am, K Ch, Px Ch, SiC G, M, Z, SiC
Sintering °C 1170  1205 1200 1170 1185 
Softening °C 1190 1245 1220 1180 1220 
Melting temperature °C 1345 1400 1305 1235 1330 
Temp. max °C 1230 1265 1260 1200 1240 
Isothermal 1 1.88 0.66 1.10 3.64 3.06 
1Ch: chlorite, SiC: moissanite-6H, Am: amphibole, K: kaolinite, Px: pyroxene, G: glass, M: 
mullite, Z: zircon. 
2Expansion after 30 min at the temperature of maximum expansion. 
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Table 3: LWA batch formulations tested in rotative kiln and technological properties of 
aggregates 
Batch formulation (wt. %) Aggregate properties (single 
i )Particle 
d i
Load resistance 
BRZ1 BRZ2 SIL SER FLG 
(Mg/m3) (kN) 
BRZ1 100     1.25 ±0.09 0.95 ±0.12 
BRZ2  100    n.b.  
SIL   100   0.88 ±0.12 0.06 ±0.04 
SER    100  n.b.  
FLG         100 0.65 ±0.09 0.97 ±0.08 
Mix1 35 35   30 0.87 ±0.28 0.55 ±0.02 
Mix2 25 25     50 0.74 ±0.28 0.97 ±0.08 
Mix3       70 30 0.81 ±0.12 0.23 ±0.07 
Mix4       50 50 0.68 ±0.06 0.35 ±0.02 
Mix5     35 35 30 0.70 ±0.08 0.04 ±0.01 
Mix6     25 25 50 0.62 ±0.05 0.12 ±0.03 
Mix7   30 70  1.18 ±0.12 0.12 ±0.04 
Mix8     50 50   1.01 ±0.08 0.08 ±0.02 
n.b. non-bloating material 
 
 
 
Table 4: Physico-mechanical features of the lightweight aggregates compared to those of 
commercial products. 
  Grain Size (mm) 
Particle 
density 
(Mg/m3) 
Loose bulk 
density 
(Mg/m3) 
Water 
absorption 
(wt. %) 
Strength of 
particle 
(MPa) 
Leca (35) 0-30 0.63 0.39 11 1.3 
Lecastrutturale (36) 0-15 1.30 0.65 6-7 6 
Mix2 3-20 0.76 0.41 1.2 1.8 
Mix4 3-20 0.64 0.39 2.4 1.2 
Mix2A 1-20 1.10 0.63 1.8 2.5 
Mix4A 1-20 0.90 0.50 2.0 2.0 
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Table 5: Technical features of the slurries and concretes 
Property standard unit C1 C2 
Slump test --- mm 250 160 
Consistency class ---  S5 superfluid 
S4        
fluid 
Slurry bulk density 1.75 Mg/m3 1.63 1.61 
Bulk density 7 days --- Mg/m3 1.62±0.01 1.60±0.01 
Bulk density 28 days 1.60 Mg/m3 1.60±0.01 1.60±0.01 
Compressive strength 7 days --- MPa 27.50±0.07 22.90±0.08
Compressive strength 28 days 30.00 MPa 29.70±0.05 30.20±0.11
 
 
 
Figure 1: Riley’s diagram (13) 
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Figure 2: SEM micrographs of lightweight aggregates. 
 
 
 
Figure 3: Concrete blocks C1 and C2. 
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Figure 4: SEM micrographs of the cement and aggregate interface in C1 (A) and C2 (B) 
concretes. Small disaggregation phenomena in C1 (C). 
 
 
 
Figure 5: Compressive strength vs. bulk density of lightweight structural concretes using 
different LWAs, modified after (37). 
 
